The nuclear response theory for isospin-transfer modes in the relativistic particle-vibration coupling framework is extended to include coupling of single nucleons to isospin-flip (charge-exchange) phonons, in addition to the usual neutral vibrations. This new coupling introduces dynamical pion and rho-meson exchange, beyond the Hartree-Fock approximation, up to infinite order. We investigate the impact of this new mechanism on the Gamow-Teller response of a few doubly-magic neutron-rich nuclei, namely 48 Ca, 78 Ni, 132 Sn and 208 Pb. It is found that the coupling to isospinflip vibrations can have a non negligible impact on the strength distribution and quenching of the Gamow-Teller resonance, globally improving the agreement with the experimental data. The corresponding beta-decay half-lives of 78 Ni and 132 Sn are also calculated, and found to be decreased by the inclusion of the new phonons. Overall the lifetimes are very close to the experimental data using unquenched value of the weak axial coupling constant gA.
INTRODUCTION
A consistent treatment of single-particle and collective degrees of freedom in nuclei remains one of the central challenges in modern nuclear structure theory. Starting from an ab-initio G-matrix derived from a bare nucleonnucleon interaction [1] [2] [3] , or from a phenomenological parametrization of a density functional [4] [5] [6] , one can reproduce relatively well bulk properties of a wide range of nuclei within mean-field theories. It is well known, however, that this level of approximation fails to reproduce single-particle spectra around the Fermi level, due to neglected retardation effects in the one-nucleon selfenergy. Moreover, the subsequent theory for the response of nuclei to external fields, known as randomphase approximation (RPA), can only provide a poorly detailed description of nuclear excitations. To remedy these deficiencies one must consider higher-order dynamical processes in the nucleonic self-energy. Such corrections arise from strong medium polarization effects described as virtual excitations of particle-hole (p-h) pairs. The particle-vibration coupling (PVC) scheme offers a way to include such processes up to infinite orders, by considering the coupling of single nucleons to collective vibrations of the nucleus, that are built of coherent interacting p-h excitations on top of the ground state. Historically this framework was inspired from the pioneering idea of Bohr and Mottelson [7] , and has been developed and applied in different contexts over the years. Non-relativistic versions include the nuclear field theory [8, 9] , extensions of the Landau-Migdal theory [10] [11] [12] and quasiparticle-phonon model (see e.g. Ref. [13] and references therein). More recently self-consistent imple- * carolr8@uw.edu mentations of the PVC scheme have emerged, and have been applied to both single-particle motion and two-body response in different channels, in closed and open-shell nuclei. These include the non-relativistic PVC based on Skyrme interaction [14] [15] [16] [17] [18] and the relativistic one [19] [20] [21] [22] [23] [24] . All of the aforementioned studies, however, have restricted the space of vibrations that enter the PVC mechanism, to neutral (non isospin-flip) excitations, which, in the covariant case based on relativistic mean field (RMF), resum scattering of σ, ω and ρ mesons on nucleonic p-h pairs. The justification was that most low-energy collective modes are surface vibrations of neutral nature which consequently should give the dominant contribution to the PVC mechanism. It has been early realized, however, that isospin-flip modes of collective character can also occur at low-energy [25] . These modes, which were thought to be related to the onset of pion condensation, can therefore potentially couple to single nucleons. The influence of charge-exchange phonons on the singleparticle shell structure of 100 Sn and 132 Sn has been done recently in Ref. [26] where they were found to contribute significantly to the location of dominant single-particle states. The impact of coupling nucleons to isospin-flip vibrations on the two-body response has however never been studied so far. In this context, spin-isospin excitations of nuclei, such as Gamow-Teller (GT) transitions, constitute a great test. In approaches based on the RMF, such excitations are basically fully determined by pion exchange. The coupling to spin-isospin phonons which resums pion-nucleon dynamics to infinite order can therefore be expected to be important. In this work we implement for the first time the coupling of charge-exchange (CE) vibrations to single nucleons in the description of GT transitions in a few doubly-magic neutron rich nuclei. We investigate their impact on the quenching of the strength distributions and on the description of the low-energy states that determine beta-decay half-lives.
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FORMALISM
The dynamics of an atomic nucleus in a weak external fieldF can be characterized by the transition strength distribution
where |Ψ i and |Ψ N denote the nuclear ground and excited states respectively, and Ω N = E N − E i are the corresponding excitation energies. WhenF is a onebody charge-changing external field (e.g. containing the isospin-lowering operator τ − transforming a neutron to a proton) the transition strength can be directly obtained from the knowledge of the two-body propagator, or response function, in the particle-hole proton-neutron channel R 1423 (ω) as,
where ω = E + i∆ is the complex energy variable. In Eq.
(2) and in the following, odd (even) indices denote proton (neutron) single-particle states, and letters i, j, k, l... will be used to denote single-particle states with unspecified isospin projection. We work in spherical symmetry, so that
the set of main quantum number, parity, angular momentum and isospin projection, and m k is the angular momentum projection. The response function R 1423 (ω) is obtained in the framework of the linear response theory, by solving the Bethe-Salpeter equation [27] in the absence of explicit three-body force. The effective interaction that enters this equation is determined self-consistently as the functional derivative of the nucleonic self-energy with respect to the one-body propagator [24] . In this work we present the formalism for the case of doubly-magic nuclei, although it can be straightforwardly extended to superfluid systems. The static part of the self-energy is determined in the RMF approximation, while the dynamical part is obtained in the PVC framework, which accounts for virtual emission and reabsorption of nuclear vibrations by single nucleons. In the time-blocking approximation (TBA) [21, 28] the final Bethe-Salpeter equation for the proton-neutron response coupled to a good angular momentum J reads
In Eq. (3) R (0)(J) (ω) is the free particle-hole protonneutron propagator calculated in the mean-field approximation, and W (J) (ω) denotes the two-body effective interaction. The latter is given by the sum of the static meson-exchange interaction in the isovector channel and the energy-dependent amplitude Φ(ω) containing the effect of PVC:
In Eq. (4) V ρ and V π are the finite range rho-meson and pion exchange interaction respectively, while V g δπ denotes the zero-range Landau-Migdal term that accounts for short-range correlations [29] . In this work we take the associated parameter g = 0.6, as the exchange interaction (Fock term) is not treated explicitly [30] . Considering only the static interaction in Eq. (4), one gets back the proton-neutron relativistic RPA (pn-RRPA) [31] . The PVC amplitude Φ(ω) introduces 1p1h⊗phonon configurations and is responsible for damping of the transition strength beyond pn-RRPA. Up to now, PVC effects were restricted to vibrations of the same nucleus (labeled by their excitation energies and quantum numbers {µ = (Ω µ , J µ , M µ , π µ , T µ z = 0)}). As they were shown to have a non-negligible impact on the single-particle shell structure [26] , in this work we extend the spectrum of vibrations to include charge-exchange (CE) phonons
where σ k = +1 (resp. −1) if the state k is above (resp. below) the Fermi level. The PVC interaction caused by neutral phonons reads
and the one due to CE phonons is
In Eqs. (6) and (7) we have defined where α = µ or λ denote phonons with unspecified value of the isospin projection T α z . The symbols γ denote the particle-vibration coupling vertices. They are calculated in the RRPA by folding the corresponding like-particle and proton-neutron transition densities with the 1p-3h or 3p-1h channel of the meson-exchange interaction:
The PVC amplitude Φ(ω) is represented in Fig. 1 in terms of Feynman diagrams. We note from Eq. (7) and Fig. 1 that CE phonons only contribute via self-energy insertions, and not through phonon exchange, due to charge conservation. Additionally, we see that these new self-energy terms involve proton-neutron particleparticle elements of the particle-vibration coupling vertex, and thus can also be interpreted as a (virtual) energy-dependent proton-neutron pairing interaction in doubly-magic nuclei. In the following, the extension of the pn-RRPA including PVC effects in the TBA is referred to as pn-RTBA.
We emphasize that, contrary to what is usually applied in the neutral channel of the RTBA, no "subtraction procedure" [32] is applied in the proton-neutron channel. This procedure, which consists in replacing Φ(ω) by Φ(ω) − Φ(0), has been introduced in order to avoid double counting of PVC effects that are implicitly introduced when fitting the meson parameters at the mean-field level. However, in the case of CE modes with unnatural-parity like GT transitions, the pion gives the most important contribution to the meson-exchange interaction V , while the rho-meson is negligibly small. Since the pion does not contribute to the RMF approximation (as parity is imposed as good quantum number) its coupling vertex is not adjusted and is considered here with the free-space value (f 2 π /4π = 0.08).Therefore, we believe that no double counting should occur when going beyond pn-RRPA by including PVC mechanism. If the Fock term, and therefore the pion, was included at the mean-field level, one would have to re-instore the subtraction procedure. However the subtraction in the proton-neutron channel would pose a problem. Indeed the presence of possible poles at zero energy, in particular in nuclei with proton or neutron excess, forbids the subtraction of Φ(0). The following question then arises: "can a subtraction be applied in this channel, and if yes, at what energy should it be applied?"
APPLICATION TO GAMOW-TELLER TRANSITIONS IN DOUBLY-MAGIC NEUTRON-RICH NUCLEI
We apply the above formalism to the GT response of a few doubly-magic nuclei. In the GT − channel, the corresponding field readsF =
− , where Σ is the relativistic spin operator. We solve Eq. (3) using the following numerical scheme: (i ) A relativistic mean-field calculation is done using NL3 parametrization [33] 
± , 7 ± are included. This spectrum is further truncated to keep phonons with excitation energies (with respect to the parent nucleus) Ω α ≤ 20 MeV and realizing at least 5% of the highest transition probability for a given multipole. Note that for the transitions in the τ − channel, as investigated here, the coupling to phonons with T λ z = +1 does not contribute. (iii ) We solve the BSE (3) for the proton-neutron response function with J π = 1 + . PVC effects (i.e. 1p-1h ⊗ phonon configurations) are included in an energy window of 30 MeV around the Fermi level, which is the region of excitation energy that we are interested in. In Fig. 2 [34, 35] . To simulate the experimental energy resolution we have taken the smearing parameter of Eq. (2) [23, 24] , we see that the coupling to neutral vibrations provides the most important part of the fragmentation of the pn-RRPA states and spreading of the strength towards both low-and high-energy regions. In addition, the coupling to CE phonons introduces further modification of the strength. They lead to a quenching of the giant GT resonance (GTR) which appears particularly important in 48 Ca and 132 Sn, while the low- points show the available experimental data [34, 35] .
energy strength below the GTR is typically enhanced. In 48 Ca the main GTR peak around 13 MeV is reduced by ∼ 43% leading to a better agreement with the experimental strength, however this peak still lacks fragmentation to reproduce the complex structure of the data. A welldefined state also appears above the GTR in agreement with the data, although it is located at an excitation energy of 18.3 MeV which overestimates the experimental one of 17 MeV. Looking in detail at the contribution of the phonon spectrum, this state appears to be due to the coupling of nucleons to the 0 + CE phonon (isobaric analog state). In 132 Sn the value of the GTR peak around 14 MeV is reduced by ∼ 38%. Such a decrease is counterbalanced by an enhancement of the lower-energy region, giving rise to a "shoulder" structure, right below the giant resonance. Note that the GT strength distribution 132 Sn → 132 Sb has been recently measured at RIKEN, and such a structure has been observed on the data [36] . In 208 Pb, the shape of the experimental distribution is very well reproduced without any necessary quenching. The theoretical transition strength is however shifted by about 2 MeV compared to the data. In principle this shift could be corrected by readjusting the parameter g at the pn-RTBA level. Moreover, in this work, no ground-state correlations induced by PVC are included in the energydependent interaction Φ(ω). Such type of correlations typically correct for a too strong shift of the strength towards lower energy caused by PVC effects in the excited states [37] . Looking at the cumulative strength distributions sumed up to 25-30 MeV, we find that the complex configurations introduced by PVC lead to a systematic quenching of the pn-RRPA strength of the order of a few percents. For instance, at 25 MeV, in 132 Sn and 78 Ni, the coupling to neutral phonons leads to a quenching of ∼ 5% and ∼ 10%, respectively, while the coupling to charge-exchange gives an additional reduction of 2.4% and 4%, respectively.
In order to disentangle the contributions of different types of CE phonons we show in Fig. 3 the GT strength distributions in 132 Sn obtained for different truncations of the phonon spectrum {λ}. We show in Fig. 3 a) separate contributions of coupling to CE phonons without and with spin exchange (S λ =0,1). For a more precise study we show the strength obtained with a smearing parameter of 200 keV. While the modification of the GTR peak around 13 MeV appears to be due to both types of vibrations, the shoulder structure below seems to be mainly due to spin-isospin modes (S λ =1). This emphasizes the role of dynamical contributions of the pion to GT modes, and thus the possible importance of nonlinear effects. In Fig. 3 b) we show the GT distribution obtained when varying the truncation energy of the spectrum of CE phonons with J π λ = 0 ± to 7 ± . The maximal phonon energy is given in parenthesis, in MeV. We note that the coupling to CE vibrations below 3 MeV actually gives the most important contribution to the "shoulder" structure around 9 MeV. The quenching of the GTR appears gradually when including phonons up to 10 MeV. CE vibrations with excitation energies from 10 to 20 MeV introduce only very little change. Finally Fig. 3 c) shows the transition strength distributions for CE phonons with different angular momentum and parities, with excitation energies up to 20 MeV. CE phonons with J λ = 0, 1 give almost no contribution in this nucleus while the ones with J λ = 2, 3, 4, 5, 7 appear to couple non-negligibly to nucleons. The contribution of phonons with J λ = 8, 9, 10 remains smaller.
Beta-decay half-lives
The coupling to charge-exchange phonons generally causes a shift and modification of the very low-energy strength. We investigate the impact of such effects on beta-decay half-lives. In the allowed GT approximation the half-lives can be obtained from the GT transition strength via [38] (13) where ∆ nH = 0.78227 MeV and ∆ np = 1.293 MeV are the mass differences between the neutron and the Hydrogen atom and the neutron and the proton respectively. D is a constant equal to 6163.4 s, ∆B = B(A, Z) − B(A, Z + 1) is the binding energy difference between the parent and daughter nuclei (calculated here in the RMF approximation), and f is the leptonic phase-space factor [39] . Since we did not quench the GT strength distributions in the previous section, we use the bare value of the weak axial coupling constant g A 1.27 [40] , for consistency. In order to obtain the half-lives to a good accuracy, we have used in Eq. (13) the GT − strength smeared with a small imaginary parameter: ∆ = 20 keV. The results for 78 Ni and 132 Sn are shown in Fig. 4 . In both cases the coupling between nucleons and neutral vibrations causes a decrease of the half-lives due to the redistribution of the strength, which leads to a better agreement with the experimental value, compared to the pn-RRPA results. This was already observed in Ref. [24] where the chain of Ni isotopes was studied. The coupling to charge-exchange phonons produces further modification and shift of the low-energy strength, leading to a small additional decrease of the half-lives. The final theoretical half-lives of 78 Ni and 132 Sn are now very slightly underestimated by a factor ∼ 1.75 and ∼ 1.60, respectively. The experimental order of magnitude is however reproduced in both cases. We remind that effects such as meson-exchange currents are not considered here. Such currents are known to be able to quench beta-decay rates and thus re-increase the half-lives. Moreover, as mentioned earlier, ground-state correlations induced by PVC could potentially correct for a too strong shift of the lowenergy strength [37] .
SUMMARY
We have advanced the formalism of the nuclear isospinflip response theory to include polarization effects induced by the charge-exchange phonons, which were not considered previously. Thereby, we have taken into account dynamical pion and rho-meson exchange in the single-particle and two-body motion up to infinite order. The extended formalism is implemented for investigation of the Gamow-Teller response in neutron-rich doubly-magic nuclei. It is shown that, in contrast to the case of neutral phonons, the contribution of the CE ones to the nucleonic self-energy is not compensated by the phonon exchange due to the charge conservation. As a consequence, this new mechanism can contribute significantly to the quenching of the GT transition strength and to the details of the low-energy strength that predicts beta-decay half-lives, with important astrophysical implications, especially around the r-process waiting point nuclei 78 Ni, 132 Sn.
